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established that prolonged fetal hypoxia results in growth retardation and reduced neonatal birth weight in all experimental models tested, including the chicken. Low birth weight is, in turn, an indicator of increased risks of adult morbidity, resulting in disease states such as diabetes and cardiovascular disease (5, 23, 29) .
Numerous regulatory mechanisms help maintain homeostasis during fetal hypoxic events. In the late-gestation sheep fetus, acute hypoxia elicits a chemoreflex resulting in an increase in vagal activity, causing bradycardia and an increased sympathetic vascular tone causing systemic vasoconstriction (19) . This reflex is instrumental in the redistribution of cardiac output (CO) to the heart, brain, and adrenals, while blood is diverted away from the liver and kidneys (14, 32) . The initial hypoxic bradycardia is transient, and HR returns to baseline values during a more prolonged hypoxic period, likely due to the increase of humoral factors, such as catecholamines or vasopressin (14, 27) .
The possibility of studying fetal physiology in the absence of direct maternal effects has made the chicken embryo a valuable and increasingly used model to study hypoxic effects on prenatal growth and development (18, 24, 37, 45, 47) . In common with the sheep fetus, the chicken embryo also shows a CO redistribution and an initial bradycardic response to acute hypoxia (12, 32) , but the chemoreflex that activates both the vagal and sympathetic pathways causing bradycardia and hypertension in the sheep (16) is not present in the chicken embryo, which shows a significant hypotensive response to acute hypoxia (12) . It has been suggested that the hypoxic response in the chicken embryo primarily relies on humoral factors, such as catecholamines (3, 11) , and Metcalfe and Stock (30) have speculated that a substantial ␤-adrenoceptor (␤AR)-mediated relaxation of the vasculature of the chorioallantoic (CA) membrane (the avian homologue of the placenta) may contribute to the hypoxic hypotension. This assumption is supported by the facts that the CA arteries are highly sensitive to ␤AR-mediated relaxation (26) and that the CA membrane receives up to ϳ50% of CO in the last week of incubation and is hyperperfused during hypoxia (32) . A dilation of this vascular bed would, therefore, have a significant impact on blood pressure (BP) in the chicken, even if the systemic vessels would contract in response to hypoxia.
In previous studies, most measurements of prenatal hypoxic responses have been performed under acute conditions. However, in the case of human placental dysfunction, chronic hypoxia is more likely and may trigger other physiological responses. In the present work, our primary aim was to inves-tigate the hemodynamic response to chronic hypoxia in the late-gestation chicken embryo at 19 days of incubation (E19). On the basis of observations in the acutely hypoxic chicken embryo (12), we hypothesized that the cardiovascular response to chronic hypoxia would be similar to acute hypoxia, i.e., hypotension and bradycardia, and that the embryo would maintain the low HR and BP throughout the hypoxic incubation period. Thus, we measured HR and BP in 19-day embryos incubated from day 0 in either normoxia (control, N) or isobaric hypoxia (H). Additionally, we hypothesized that the chronic hypoxic hypotension would be enhanced by ␤AR-mediated relaxation of the CA arteries. To test this hypothesis, we isolated CA and femoral arteries from E19 chicken embryos and examined the ␤AR-mediated relaxation and the effect of hypoxia on ␤AR sensitivity of the two vessel types using wire myography. Incubation conditions. The incubation procedures were identical to those previously described (24) . Briefly, eggs were incubated at 37.8°C and 45% relative humidity and turned 90°every hour. Two incubators were used, one with standard oxygen conditions (control, 21.0% O 2) and one kept under isobaric hypoxia (14 -15% O2) from day 0 of incubation. Fertilized Ross 308 broiler eggs were used in the in vivo studies carried out in Linköping and broiler eggs from the Breeding Research & Technology Centre van Hendrix Genetics B.V. (Boxmeer, The Netherlands) were used in the vessel studies carried out in Maastricht.
METHODS

All
Blood pressure and heart rate measurements. Eggs were taken from the incubator at day 19 (E19) of the 21-day incubation period. E19 embryos were not internally pipped, which was verified by candling. A tertiary CA artery was occlusively catheterized under a dissection microscope (Wild M38; Heerbrugg Switzerland), as previously described (11) . Once catheterization was completed, the egg was placed blunt end up in a water-jacketed temperature-controlled experimental chamber. Eggs were maintained at 38°C, and watersaturated gas mixtures (control 21% or 14% O 2) were passed through the chamber at 200 ml/min. Before entering the experimental chamber containing the embryo, the gas mixture was passed through a 1-m coil of polyethylene tubing (PE-90) that lined the inside of the waterjacketed chamber to bring the gas mixture to the same temperature. The catheter was connected to a disposable pressure transducer (DP6100; Peter von Berg, Germany) connected to a 4CHAMP amplifier (Somedic AB, Horby, Sweden), and the output was connected to a PowerLab data acquisition system (ADInstruments, Colorado Springs, CO) connected to a computer. Heart rate was continuously calculated from the pressure signal via a software tachograph. All traces were saved at 1-kHz sampling frequency using Chart data acquisition software (ADInstruments). Reference zero pressure was set at the top of the experimental bath, and all values were corrected after the experiment, as previously described (11) .
The measurements of HR during incubation were obtained using a noninvasive impedance method. The eggs were instrumented on the basis of a previously described method (1, 22) . Briefly, the eggs were candled at E4, E5, or E6, and the blood vessels of the growing chorioallantoic membrane (CAM) were located. Because the embryo and the CAM normally start developing right under the air cell, the CAM is very small and hard to see by candling before day 7. However, it can be seen by day 4 whether the embryo is developing close to the rim of the air cell. Therefore, excess eggs were incubated, and only those that had an embryo clearly visible by candling were chosen for the experiments. Two areas were marked on opposite sides of the egg above the equator and about ¼ down from the blunt side of the egg, avoiding areas with vessels underneath. The marked area was disinfected with 70% ethanol, and a small hole (0.5 mm) was drilled through the egg shell without damaging the underlying membranes. L-shaped stainless-steel wires (ϳ2 mm in length and 0.2 mm in diameter) soldered to 1-mm gold-plated sockets (World Precision Instruments, Sarasota, Florida) were carefully inserted in the hole and held in place with a collar of cyanoacrylate glue. The instrumentation took no longer than 2 min. A customized cable with 1-mm gold-plated pins (to fit the sockets glued to the egg) was led into the incubator, so that daily measurements could be done in the same incubator without manipulating the eggs. The cable was connected to an impedance converter (model 2991; UFI, Morro Bay, CA), which, in turn, was connected to a two-channel PowerLab System (ADInstruments), and the signal was recorded with the data acquisition software Chart (ADInstruments). After attaching the cable to an egg, the egg was left to stabilize for 15-30 min before heart rate was measured.
Blood sampling and analysis. Blood samples were obtained from puncturing a secondary CA artery within 2 min from the time the eggshell was penetrated. Blood (500 -1,000 l) was collected from the puncture using a disposable plastic pipette previously heparinized. Blood samples were mixed with 10 l of an EGTA:glutathione solution (0.2 M:0.2 M) to prevent catecholamine oxidation and immediately spun down to separate the plasma. Hemoglobin concentration was immediately measured using a HemoCue portable analyzer (HemoCue AB, Ä ngelholm, Sweden), and only samples with a hemoglobin value above 95 mg/l were considered for further analysis.
For lactate analysis, small aliquots of plasma (50 l) were frozen at Ϫ70°C until analysis was carried out (within 1 mo) using an enzymatic method (L-Lactate test kit from Randox Laboratories, Crumlin, UK) following the instructions given by the manufacturer.
For catecholamine analysis, between two to three samples were pooled to reach the volume of plasma needed for a single analysis (Ͼ1,000 l). Plasma samples were maintained at Ϫ70°C until analysis was carried out (within 3 mo). HPLC analysis of plasma catecholamines was carried out, as previously described (41) . Briefly, catecholamines were extracted using a solvent extraction procedure combining n-butanol and diphenylborate in alkaline conditions. Dihydroxybenzylamine was used as an internal standard. The extracts were subsequently injected in an HPLC coupled to an electrochemical detector. The column used was a C8-bonded silica (Fast LC-8, Brand) with a mobile phase consisting of a water methanol mixture (3:1 v/v) containing 50 mM sodium acetate, 150 mM acetic acid, 0.01% sodium dodecyl sulfate, 0.01% sodium chloride, and 0.01% EDTA.
Wire myography. Arteries were isolated at E19. The chicken embryo was decapitated in ovo and carefully extracted from the egg together with the intact yolk. The extra-embryonic vessels were cut, leaving the CAM undamaged. The yolk was separated from the embryo, and embryonic mass was recorded. Room-temperature Krebs-Ringer bicarbonate buffer (KRB; composition in mM: 118.5 NaCl, 1.2 MgSO4, 1.2 KH2PO4, 25.0 NaHCO3, 4.7 KCl, 2.5 CaCl and 5.5 glucose) was used to rinse the CAM lining the egg shell and tertiary branches (in situ external diameter 200 -400 m) of the main CA artery were isolated under a dissection microscope. The embryo was pinned to a dissection plate, and the right femoral artery was isolated. Both artery types were cut into ϳ2-mm rings and kept in buffer until the time of mounting.
The rings were mounted in a wire myograph (model 610M; Danish Myo Technology, Gainesville, FL) by inserting stainless-steel wires (diameter 40 m) into the lumen of the vessel and attaching the ends to an isometric force transducer (Kistler Morce DSC 6) on one side, and a micrometer screw for displacement on the other. A 4-channel PowerLab System (ADInstruments) with LabChart software (ADInstruments) was used to store the tension traces.
The rings were submerged in KRB (39°C and bubbled with O 2:CO2, 95:5) in the organ baths and left to equilibrate for ϳ30 min. After this equilibration period, the vessels were distended to a resting tension corresponding to a transmural pressure of 2.66 kPa. This pressure corresponds to the mean arterial blood pressure reported at E19 (2) and elicited the highest contractile response to KCl, as previously described (26) . After 30 min of incubation under basal tone, a control contraction was elicited by raising the K ϩ concentration of the buffer (62.5 mM) in exchange for Na ϩ . The vessels were then washed 3 times with normal KRB and again left to equilibrate.
To study the effect of chronic prenatal hypoxia on vascular relaxation, the effects of the ␤-AR agonist isoproterenol (Iso; 0.1-1 mM, Sigma Aldrich, St. Louis, MO) and the adenylate cyclase activator forskolin (Forsk; 1 nM-10 mM; Alexis Biochemicals, San Diego, CA) were evaluated in arterial rings stimulated with 62.5 mM K ϩ (receptor-independent contraction) or by a receptor-mediated contraction in both the control and hypoxia-incubated embryos. In a previous study, we demonstrated that CA arteries do not display ␣AR-mediated vasoconstriction to phenylephrine (Phe, 1 M; Sigma Aldrich) (26) , so Phe could, therefore, only be used as precontracting agent in femoral vessels. In CA arteries, the thromboxane A 2 mimetic U46619 (1 M; Cayman Chemicals, Ann Arbor, MI) was used as precontracting agent.
Data analysis. All results are presented as means Ϯ SE. Differences between groups were assessed with Student's t-test, except when considering multiple factors (e.g., treatment and vessel type), where a general linear model ANOVA was applied (SPSS for Windows v.15). The level of significance was P Ͻ 0.05 for all tests.
Impedance signals were analyzed using the LabChart BP module (ADInstruments) to obtain an average HR, which was defined as the mean heart rate of three 5-to 10-s periods.
Vascular contractions are expressed in terms of active wall tension (Nm Ϫ1 ), calculated as the force divided by twice the length of the segment. Relaxations are expressed as the percentage of reduction of the contraction induced by KCl, Phe, or U46619. Sensitivity (expressed as pD2 ϭ Ϫlog EC50) to agonists was determined for each artery by fitting individual concentration-response data to a nonlinear sigmoidal regression curve and interpolating (GraphPad Prism version 5.01; GraphPad Software, San Diego, CA). High concentrations of Iso induced a contraction in some vessels. In these cases, only the first relaxation part of the curve was considered to determine pD 2.
RESULTS
Chronic hypoxia causes growth restriction in the chicken embryo. Yolk-free embryonic mass was significantly reduced (P Ͻ 0.001) in hypoxic 19-day embryos (E19H, 25.68 Ϯ 0.55 g, n ϭ 18) compared with control (E19N, 34.78 Ϯ 0.52 g, n ϭ 16), confirming the well-characterized growth restriction caused by hypoxia during incubation (24, 25, 42, 44, 46 -48) .
Chronic hypoxia causes hypotension, but not bradycardia. Chronic hypoxia caused hypotension in the late chicken embryo (Fig. 1A) , the difference being close to significant (P ϭ 0.056). Before the baroreflex is functional in the embryo, BP is known to trail HR because of the mechanical feedforward effect of increased or decreased CO (2, 13). However, the hypotension observed in the present study could not be attributed to bradycardia because HR measured both by cannulation (acute, Fig. 1B ) and the less invasive impedance method (continuous, Fig. 1C ) did not differ between hypoxic and normoxic embryos.
Chronic hypoxia increases the plasma levels of norepinephrine and lactate. Chronically hypoxic embryos showed a significant elevation of norepinephrine levels (15.9 Ϯ 4.3 nM vs. 9.5 Ϯ 5.9 nM in controls) and also an elevation of plasma lactate (2.16 Ϯ 1.59 mM vs. 0.44 Ϯ 0.39 mM in controls) but no changes in epinephrine or dopamine (Fig. 2) . Epinephrine levels were very low (0.51 Ϯ 0.15 nM), close to the detection Fig. 1 . Effects of chronic hypoxia on blood pressure and heart rate in the 19-day-old chicken embryos. The bar graphs show blood pressure (A) and heart rate (B) of normoxic (solid bars, n ϭ 16) and hypoxic (open bars, n ϭ 6) chicken embryos. In embryos incubated in chronic hypoxia, the heart rate and blood pressure experiments were also performed in a hypoxic environment. C: daily heart rate between day 4 and 19 of incubation in normoxic (solid symbols, n ϭ 8) and chronically hypoxic (14% O2, open symbols, n ϭ 16) embryos. Values in A and B were obtained through arterial cannulation, whereas values in C were obtained through impedance measurements. levels of the HPLC technique, while dopamine levels were the highest (21.3 nM on average) but also showed the highest variability (range: 7.9 -44.5 nM).
Effects of chronic hypoxia on femoral and CA artery reactivity. The contraction evoked by KCl (62.5 mM) in femoral and CA arteries, as well as the contractions induced by Phe (1 M) in the femoral and U46619 (1 M) in the CA arteries, were not significantly different between the embryos incubated under normoxic or hypoxic conditions (Fig. 3) .
The effects of hypoxia on ␤AR-mediated and receptorindependent (adenylate cyclase-mediated) relaxation were studied by stimulating the vessels with Iso and Forsk, respectively. The efficacy (E max ) of Iso to relax KCl-contracted arteries was significantly higher in the CA than in the femoral arteries ( Table 1) . As shown in Fig. 4A and Table 1 , hypoxic incubation induced an increase in the sensitivity (pD2) of the femoral arteries to Iso. However, this increase in sensitivity was only observed in KCl-contracted femoral arteries. Hypoxia did not induce significant changes in the response of CA arteries to Iso (Fig. 4, B and D, Table 1 ).
To bypass the ␤ARs, the cAMP cascade was explored by the addition of the adenylate cyclase activator forskolin. However, in many of the experiments involving KCl as precontracting agent, a maximal effect was not reached at the highest concentration of Forsk tested (10 M), and a pD2 value could, therefore, not be calculated (Fig. 5) . Nevertheless, as shown in arteries), the results could be fitted to a proper nonlinear concentration-response curve, and it was observed that hypoxia induced a significant increase in the sensitivity of the femoral arteries to Forsk (Table 1, Fig. 5A ). In contrast, hypoxia did not affect Forsk-induced relaxation in U46619-contracted CA arteries (Fig. 5D ).
DISCUSSION
The generic fetal response to acute hypoxia includes hypertension (17, 19, 20) , bradycardia (19) , and elevated catecholamine (17, 20) and lactate levels (6, 15, 36) . In chicken embryos, however, acute hypoxia elicits hypotension (12) . We show that hypotension and elevated norepinephrine levels, but not bradycardia, are present during chronic hypoxia. Instead, hypotension is suggested to be due to enhanced ␤AR-mediated relaxation of the CA and femoral arteries. The difference in hemodynamic load on the heart between different experimental models needs to be considered when evaluating cardiac remodeling in chronic and acute models of prenatal stress.
Chronic prenatal hypoxia in the chicken embryo causes hypotension without changes in heart rate. It has been suggested that the bradycardia during acute hypoxia in chicken embryos may be caused by the direct action of low oxygen concentration on the cardiac muscle (12) , and the accompanying hypotension could, therefore, be explained by a feedforward mechanism due to the lack of a baroreflex, since a drop in HR is normally positively correlated with BP (2). However, in our chicken model of chronic hypoxia, the drop in HR seen with acute hypoxia was abolished (Fig. 1 ), yet hypotension remained. In the absence of a chemoreflex, cardiovascular function in the chicken embryo is mainly maintained through adrenergic pathways stimulated by catecholamines of adrenomedullary rather than sympathetic origin (11) , which, in turn, could elevate heart rate as shown in the chronically hypoxic sheep fetus (14, 27) . Circulating norepinephrine levels are increased in E19 chickens (Fig. 2) , suggesting that the absence of hypoxic bradycardia could be due to the positive chronotropic effects of norepinephrine. Although high levels of circulating catecholamines are known to desensitize and downregulate ␤-adrenergic receptors in adult cardiac tissue, we and others have previously shown that embryonic hypoxia sensitizes ␤ARs rather than desensitizes them. The stimulatory effect of catecholamines on the heart is thereby maintained (4, 24) .
Elevated norepinephrine levels are likely due to increased dopamine ␤-hydroxylase (DBH) activity, since dopamine is the direct precursor to norepinephrine and is found in high concentrations but without significant differences between control and chronic hypoxic treatment (Fig. 2B ). An upregulation of DBH has indeed been shown in the near-term hypoxic rat fetus (21) .
The role of chorioallantoic and femoral arteries in the hypotensive response to chronic hypoxia. Given that chronically hypoxic chickens are not bradycardic, hypoxic-mediated hypotension is likely caused by a drop in peripheral resistance. The CAM receives more than 50% of CO in E19 (32) , and even a small relaxation of this vascular bed would, therefore, have a vast impact on the BP of the embryo. Crossley et al. (12) demonstrate an increased hypotensive effect after ␣AR blockade with phentolamine and a decreased effect with ␤AR blockade. This indicates that the hypotension during acute hypoxia is due to an increased adrenergic tone that evokes a ␤AR-mediated vasodilatation, which, in turn, overrides the vasoconstriction caused by ␣AR stimulation. Interestingly, the CA arteries do not constrict to ␣AR stimulation (26) but show a potent ␤AR-mediated relaxation (present work). This observation further strengthens the argument that the relaxation of the CA arteries plays an important role in the hypoxic hypotension in the chicken embryo. Conversely, the sheep placenta receives a lower percentage of CO than the chicken CAM (10) , and the placental vascular resistance is relatively nonresponsive to norepinephrine (43) . Thus, the systemic vasoconstriction in the sheep fetus is not opposed by a ␤AR-dependent relaxation of the large placental vascular bed, ultimately leading to hypoxic hypertension.
Previous studies demonstrate that incubation of chicken embryos under chronic hypoxia lead to functional and structural alterations of femoral arteries, namely impairment of ACh-induced, nitric oxide (NO)-mediated endothelium-dependent relaxation, and increased periarterial sympathetic innervation, but no alteration of adrenergic vasoconstrictor responsiveness (38, 39, 44) . Accordingly, we did not observe differences in Phe-mediated contraction between hypoxic and normoxic femoral arteries. Despite an assumingly lower NOmediated vasorelaxation in the chronic hypoxic chicken embryo due to impaired endothelial function, we still observe a hypotensive response to chronic hypoxia. We have previously shown that the CAM vasculature is not innervated, i.e., is not subject to cholinergic stimulation of NO release (in fact, exogenous ACh does not relax, but constricts, CA arteries) (27) . Additionally, we report here that the femoral arteries from hypoxic chicken embryos show an increased sensitivity to ␤AR-mediated relaxation. This finding, combined with the high sensitivity of CA arteries to ␤AR-mediated relaxation and the increased plasma concentration of norepinephrine, suggest that the overall vascular response in chronic hypoxic conditions favors a relative hypotension induced by ␤AR stimulation.
It should be noted that the increased sensitivity to ␤AR-mediated relaxation was only found in femoral arteries precontracted with KCl and not when vessels were precontracted with Phe. These results indicate that ␤AR-mediated relaxation of chicken femoral arteries is dependent on the type of precontraction used and are in agreement with the reported results in mammalian vessels (7) . Stimulation of ␤ARs leads to vascular relaxation, which in most vascular smooth muscles involves subsequent activation of the cAMP-dependent PKA pathway. In addition, and depending on vascular beds, the endothelial NO pathway has been found to be involved in the relaxation elicited by activation of ␤ARs (8, 28). The final transduction mechanisms of these pathways involve several processes, including membrane hyperpolarization due to opening of K ϩ channels, (34) , enhanced Ca 2ϩ sequestration by the endoplasmic reticulum (33) , or reduction in Ca 2ϩ sensitization (35) . When the femoral arteries were stimulated by high K ϩ (62.5 mM), opening of K ϩ channels could not cause further hyperpolarization and thus could not exert any further relaxation effect (40) . Under these conditions, relaxation should take place through hyperpolarization-independent mechanisms. Therefore, our results suggest that chronic hypoxia appears to increase hyperpolarization-independent, ␤AR-mediated relaxation. However, our results warrant further studies aimed at analyzing the effects of ␤AR agonists and chronic hypoxia on the membrane potential of chicken vascular smooth muscle cells.
Differentiated, tissue-specific ␤AR regulation has previously been demonstrated and ascribed to receptor concentration, receptor subtype ratio, adenylyl cyclase isoform expression, and G protein expression (4) . With our present data, we cannot discriminate which of the above factors is responsible for the increased ␤AR-mediated relaxation. Nevertheless, when we studied the response of the chicken vessels to the adenylate cyclase activator forskolin, we observed that the femoral arteries from hypoxic embryos demonstrated a higher relaxant response. This suggests that mechanisms downstream of ␤ARs are, at least partially, responsible for changes observed in the hypoxic femoral arteries.
In conclusion, our study demonstrates that the chronic hypoxic chicken embryo is hypotensive, but not bradycardic, and that CA arteries strongly relax in response to ␤AR stimulation. In addition, chronic hypoxia increases the sensitivity of femoral arteries to ␤AR-mediated relaxation. Therefore, we suggest that the hypoxic hypotension in chronic hypoxic chicken embryos is the consequence of elevated levels of circulating catecholamines (9, 12, 31) acting on vascular beds with exclusive (CA arteries) or exacerbated (femoral arteries) ␤AR-mediated relaxation, rather than a consequence of bradycardia.
Perspectives and Significance
The vasodilatory role of ␤ARs is commonly seen as subordinate to ␣AR vasoconstriction, but our results suggest that ␤ARs play an important role in the hemodynamic response to hypoxia in the chicken embryo. Although the CAM and the fetoplacental vasculature share many pharmacological characteristics (30) , there are important differences as well, especially that of ␤AR reactivity. Considering the anatomical differences between the fetoplacental and the chorioallantoic vasculature, one might speculate that the blood flow in the two organs is regulated by different mechanisms when oxygen is limited. In the placenta, oxygen uptake is increased by increasing the resistance of the umbilical veins, which forces blood out to underperfused peripheral areas (16) . The CAM vascular bed, on the other hand, is a two-dimensional structure physically limited by the eggshell. It is maximally vascularized at E14 and presents a low vascular tone up to the time of hatching, so it is likely that ␤AR-mediated vasodilation supports the low vascular tone to maintain oxygen uptake in hypoxic conditions.
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